A group of 91 moderately halophilic, Gram-positive, rod-shaped strains were isolated from enrichments prepared from Dead Sea water samples collected 57 years ago. These strains were examined for 11 7 morphological, physiological, biochemical, nutritional and antibiotic susceptibility characteristics. All strains formed endospores and were motile, strictly aerobic and positive for catalase and oxidase. They grew in media containing 5-25 YO (w/v) total salts, showing optimal growth at 10% (w/v). Eighteen strains were chosen as representative isolates and were studied in more detail. All these strains had mesodiaminopimelic acid in the cell wall and a DNA G+C content of 39-042.8 mol%; they constitute a group with levels of DNA-DNA similarity of 70-100%. The sequences of the 165 rRNA genes of three representative strains (strains 123T, 557 and 832) were almost identical (99*9%), and placed the strains in the low G+C content Gram-positive bacteria. On the basis of their features, these isolates should be regarded as members of a new species of the genus Bacillus, for which the name Bacillus marismortui sp. nov. is proposed. The type strain is strain 123l(= DSM 12325T=ATCC 700626T=CIP 105609T=CECT 50663.
INTRODUCTION
Studies on the microbiology of the Dead Sea have demonstrated the presence of a variety of microorganisms adapted to the high salt concentration in the lake : protozoa, unicellular algae, cyanobacteria, and aerobic and anaerobic chemo-organotrophic prokaryotes (Javor, 1989; Ventosa et al., 1999) . Among the aerobic prokaryotes, the majority of the isolates from the Dead Sea belong to the domain Archaea and are placed in the family Halobacteriaceae (Oren, 1993) . On the other hand, in the domain Bacteria there have been a few reports about Gram-negative, moderately halophilic species (Oren, 1988) . In contrast, there has been no description of aerobic, Gram-positive, moderately halophilic bacteria.
In this study, a group of 91 Gram-positive, moderately halophilic, endospore-forming rods was isolated from enrichments obtained from Dead Sea water samples used by Volcani in 1936 and kept by him for more than 50 years in closed bottles. In a recent study, it has been shown that extremely halophilic archaea belonging to the genera Halobacterium, Haloarcula and Haloferax could still be isolated from these samples (Arahal et al., 1996) . The strains isolated in the present study were characterized phenotypically, as well as with respect to their DNA base composition, levels of DNA-DNA similarity and cell wall composition. Three representative strains were selected for phylogenetic analysis of their 16s rRNA gene sequences. Our results suggest that these strains may represent a new species of the genus Bacillus, for which the name Bacillus marisrnortui sp. nov. is proposed.
METHODS
Strain isolation and culture conditions. The source of our isolates was seven enrichments obtained from water samples taken in 1936 by B. E. Volcani at surface level in the Garabito et al. (1997 ), Fahmy et al. (1985 and Spring et al. (1996) .
Northern basin of the Dead Sea by sampling at different locations close to the mouth of the Jordan river (Volcani, 1936 (Volcani, ,1940 . The enrichments, prepared with Dead Sea water plus 1.0 YO (w/v) peptone, were kept in closed 500 ml bottles under sterile conditions and stored in the dark in a dry place at 18-20 "C. These enrichments remained unopened over the entire storage period. Inocula were removed in 1993 from the bottles under sterile conditions. Several isolation media were used with various total salt concentrations and compositions. SW-10 medium (Nieto et al., 1989) contained a final salt concentration of about 10 YO (w/v) and 0.5 YO (w/v) yeast extract (Difco). HM medium (Ventosa et al., 1982) contained a balanced mixture of salts, giving a final concentration of about 18 YO (w/v) All strains were strictly aerobic, grew in the presence of 5-20% (w/v) salts, at pH 6-5-8-0 and at 15-50 "C. They were positive for catalase and negative for indole and phenylalanine deaminase. They did not produce acid from Darabinose, D-galactose or D-xylose and they did not hydrolyse Tween 80. They utilized maltose, D-mannose and pyruvate but lactate was not utilized. They were susceptible to erythromycin (1 5 pg) and resistant to nalidixic acid (30 pg) and neomycin (30 pg). 
Character
Chloramphenicol ( Table 1 were used. The recommended media and culture conditions were used to grow these organisms.
Phenotypic characterization.
Tests for 1 17 characteristics, including morphological, cultural, physiological, biochemical, nutritional and antibiotic susceptibility features, were carried out ( et al., 1982) . Unless otherwise indicated, the tests were carried out in media containing 10% (w/v) salts, at pH 7.5 and incubated at 37 "C.
Numerical analysis. Of the 1 17 phenotypic characteristics studied, 106 were differential features and used for numerical analysis. Positive and negative results were coded as 1 and 0, respectively ; non-compatible or missing data were coded as 9. Strain similarities were estimated with the Jaccard coefficient (S,) (Jaccard, 1908) and cluster analysis was carried out by the unweighted pair group method with averages (UPGMA) (Sneath & Johnson, 1972) . Test error was estimated by examining 10 strains in duplicate (Sneath & Johnson, 1972) . Cophenetic correlation was also evaluated (Sneath & Sokal, 1973) . These computations were done using the NTSYS-PC version 1.80 program of Rohlf (1993) on a PC computer.
buffer (pH 8.0) (5 g wet weight in 50 ml buffer), and lysed with lysozyme (approx. 10 mg) at 37 "C and with SDS at a final concentration of 2 % (w/v) at 60 "C. The DNA was extracted and purified by the method of Marmur (196 1). The purity was assessed from the A260/A280 and A,,,/A,,, absorbance ratios (Johnson, 1994) .
DNA base composition. The G + C content of the DNA was determined from the midpoint value of the thermal denaturation profile (Marmur & Doty, 1962 ) obtained with a model UV-Vis 5515 spectrophotometer (Perkin-Elmer) at 260 nm; this instrument was programmed for temperature increases of 1.0 "C min-l. The G + C content was calculated from the thermal denaturation temperature with the equation of Owen & Hill (1979) . The G + C content of reference DNA from Escherichia coli NCTC 9001 was taken to be 51 mol% (Owen & Pitcher, 1985) . Amersham), using [ 1',2',5-3H]dCTP (Amersham). The mean specific activity obtained with this procedure was 8.8 x lo6 c.p.m. (pg DNA)-l. The labelled DNA was denatured before hybridization by heating at 100 "C for 5 min and then placed on ice. DNA-DNA similarity was studied by the competition procedure described by Johnson (1994 Tijtgat, 1970) . The vials were shaken slightly for 18 h in a water bath (Grant Instruments) ; these procedures were done in triplicate. After hybridization, the filters were measured with a liquid scintillation counter (Beckman Instruments) and the percentage similarity was calculated as described by Johnson (1994) . At least two independent determinations were carried out for each experiment and the mean values are reported here.
Determination of isomers of diaminopimelic acid. The isomers of diaminopimelic acid in the cell walls of the 18 representative strains were detected by the method of Staneck & Roberts (1974) . Dried cells (approx. 10 mg) were hydrolysed with 1 ml10 M HC1 at 100 "C for 20 h in a screwcap tube, and 1 ml filtered hydrolysate was subjected to TLC on cellulose thin-layer (Merck) in parallel with a reference amino acid mixture. For separation, methanol/distilled waterl10 M HCl/pyridine (80: 26: 4: 10 by vol.) was used as the solvent. Then the chromatogram was dried at room temperature, sprayed with a 5 % ninhydrin/butanol solution and heated at 100 "C for 3 min. Phylogenetic analysis. Isolation of genomic DNA from strains 123T, 557 and 832, which were used as representatives of our isolates, in vitro amplification of the 16s rRNA gene, and direct sequencing of the PCR-amplified 16s rDNA fragments were carried out using previously described methods (Springer et al., 1993) .
Data analyses, including more than 4000 16s rRNA sequences available from rRNA sequence databases (Maidak et al., 1996; Van de Peer et al., 1994) , were performed as described previously (Arahal et al., 1996) . The most closely related sequences (Table 3) were chosen for constructing a similarity matrix; only those positions at which there were data for 90 YO of the 16s rRNA sequences of the strains were used. The similarity matrix was corrected 
RESULTS

Numerical analysis
energy, and utilization of L-alanine and DL-arginine as sole source of carbon, nitrogen and energy.
-
Reproducibility of phenotypic characters
The inclusion of the pairs of randomly chosen duplicate strains in the analysis enabled experimental test error to be calculated. The mean probability of an erroneous result was 4.0%. A small number of tests was responsible for most of the test error. These tests were hydrolysis of casein, acid production from arabinose and D-mannitol, utilization of citrate, sucrose,
Bacillus g lo bisporus
The results of the numerical study of the strains grouped by means of the S, coefficient and UPGMA clustering yielded the dendrogram shown in Fig. 1 . The cophenetic correlation was 0.879.
In the dendrogram obtained, all the isolates grouped in a single phenon at a 58 YO similarity level but none of the reference strains were included in that phenon. Bacillus marismortui sp. nov. phenotypic characteristics are included below in the species description.
DNA base composition
The G + C contents of the DNAs of 18 strains chosen as representative isolates were 39.W2-8 mol YO (Table   1 ).
D N A-D N A hybrid iza t i o n
The results of the DNA-DNA hybridization experiments are shown in Table 1 . The levels of relatedness of labelled DNAs from three representative strains to DNAs from the other isolates were 7G100Y0. On the other hand, low levels of relatedness ( 0 4 5 % ) were found between the three reference strains and the other strains belonging to related species used for comparison.
Determination of diaminopimelic acid in the cell wall
The cell walls of 18 representative strains contained meso-diaminopimelic acid in the peptidoglycan.
Phylogeny
The almost complete 16s rRNA sequences (about 1560 bases) of strains 123T, 557 and 832 were determined. These sequences were almost identical to each other (99.9 YO). However, they did not show high similarity with other sequences available from the database of other bacterial species. The highest levels of similarity were with the 16s rRNA sequence of The phylogenetic tree in Fig. 2 shows the relationship between our isolates and some representative Bacillus species and other related micro-organisms. The accession numbers for the 16s rRNA sequences of these reference strains are shown in 
DISCUSSION
All 91 Dead Sea isolates studied were grouped in a single phenon, indicating that they have very similar phenotypic characteristics (Table 2) . On the other hand, these strains are quite different from the moderately halophilic Gram-positive rods described previously (Fendrich et al., 1990; Spring et al., 1996; Ventosa et al., 1989) .
All strains are Gram-positive, motile, endosporeforming rods and strictly aerobic. On the basis of their phenotypic features, cell wall peptidoglycan (mesodiaminopimelic acid type) and DNA G + C contents, these strains can be considered as members of the genus Bacillus sensu lato (Claus & Berkeley, 1986) . Their salt requirements indicate that they should be included in the group of moderately halophilic bacteria, defined as those organisms able to grow optimally in media containing 5 4 5 % (w/v) salts (Kushner & Kamekura, 1988) .
Very recently, Heyndrickx et al. (1998) reported that Bacillus pantothenticus represents a phylogenetic group sufficiently different from other Bacillus species to warrant the status of a separate genus, for which they have proposed the name Virgibacillus, with the single species V. pantothenticus. This species can be distinguished from members of Bacillus rRNA group 1 (Bacillus sensu stricto) and from members of other aerobic endospore-forming bacteria by phenotypic characteristics. There are many phenotypic and genotypic differences between V. pantothenticus and our isolates (Table 4) , for instance, their salt requirements (our isolates are unable to grow in media without NaCl), growth in anaerobic conditions (achieved by V . pantothenticus but not by our isolates), and G + C content, the values of our isolates (39.G42.8 mol %) being somewhat higher than those of V. pantothenticus (36.9-38.3 mol Yo) (Heyndrickx et al., 1998) . Phenotypically, our isolates were different in many characteristics with respect to the moderately halophilic species of the genus Bacillus, B. halophilus and B. salexigens Garabito et al., 1997) , and from moderately halophilic species of the genus Halobacillus, Halobacillus trueperi and H. litoralis (Spring et al., 1996) (Table 4 ).
The DNA base composition of our isolates (39.0-42.8 mol%) was similar to that of H. litoralis (42.0 mo1Y0) (Spring et al., 1996) , but lower than the values described for H. trueperi (43.0 mol YO) (Spring et al., 1996) and B. halophilus (51-5 mol%) , and somewhat higher than those of B.
salexigens (36.3-39-5 mol YO) (Garabito et al., 1997) .
Cell wall analysis of our strains showed that their peptidoglycan contained meso-diaminopimelic acid, as found in B. halophilus and B. salexigens Garabito et al., 1997) as well as most other Bacillus species (Claus & Berkeley, 1986) , but which differed from the cell wall peptidoglycan (Om-D-Asp type) described for H . trueperi and H . litoralis (Spring et al., 1996) (Table 4 ). Other traits which distinguish the strains studied from other related species are shown in Table 4 .
The DNA relatedness experiments showed that our isolates form a single DNA similarity group with similarity values equal to or greater than 70 YO. Most authors suggest that, among strains of the same species, the levels of DNA-DNA similarity should be equal to or greater than 70 YO (Owen & Pitcher, 1985; Wayne et al., 1987; Stackebrandt & Goebel, 1994 Garabito et al. (1997) , Heyndrickx et al. (1998) , Spring et al. (1996) , Ventosa et al. (1989) -f m-Dpm, rneso-Diaminopimelic acid.
Thus, on the basis of DNA relatedness data, our isolates form a group of organisms that are sufficiently related as to constitute a genospecies. On the other hand, low levels of DNA-DNA similarity, with values of 0-45 %, were obtained between the three representative strains and all the moderately halophilic, marine or non-halophilic bacteria studied (Table 1) .
According to the comparative analysis of the 16s rRNA sequences, strains 123T, 557 and 832 show a close phylogenetic relationship and are included in the phylogenetic group containing the low G + C content
Gram-positive bacteria, closely related to the species belonging to phylogenetic group I of the genus Bacillus (Fig. 2) described by Ash et al. (1991 described moderately halophilic species B. salexigens (Garabito et al., 1997) is also phylogenetically close to our isolates. Gram-positive rods, 2.0-3.6 by 0-5-0.7 pm, occurring singly, in pairs or in short chains (Fig. 3) . Motile, oval endospores are produced at a terminal or subterminal position in swollen sporangia. Colonies are pigmented (cream), circular, opaque and entire. Growth occurs at 5-25% (w/v) total salts, optimal growth at 10% (w/v) . No growth occurs in the absence of salts. Grows at 15-50 "C (optimal at 37 "C) and at pH 6.0-9.0 (optimal at pH 7.5). Table 2 . DNA G + C content is 39.0-42.8 mol% ( T , method). The cell wall contains peptidoglycan of the meso-diaminopimelic acid type. Isolated from the Dead Sea. The type strain is strain 123T ( = DSM 5066T).
Description of the type strain. The description of the type strain is the same as that of the species, except that the type strain grows at 3-20% (w/v) total salt and pH 6.0-8.5. The DNA G + C content is 40.7 mol% (T, method). Other characteristics of this strain are shown in Table 2 .
